Phase equilibrium and oxygen partial pressure for the Fe-S-O system from eutectic temperature to 1673 K were investigated by chemical equilibrium techniques and the EMF method. The liquid phase is saturated with Fe, FeO, Fe 3 O 4 and FeS. The partial pressure of oxygen increases remarkably with departing from the liquidus saturated with Fe. According to the Gibbs-Duhem equation and Schumann's method, the activities of Fe and the partial pressure of S 2 for the liquid phase are derived.
Introduction
Smelting of copper concentrate produces oxide phase that is containing considerable amount of copper. Slag entrains copper as sulfide, oxide or matte particle, and recovery of the copper is difficult. The copper in the slag can not be recovered. Fe 3 O 4 phase is sometimes produced at slag-matte interface. A part of the matte is discharged in discharging process of the 
The activity coefficient decreases with increasing concentration of sulfur. Therefore, increasing Fe concentration in slag causes copper loss.
The Fe-S-O system is a principal ternary system of Cu-Fe-S-O system. Several studies have been reported on the thermodynamic properties for this system. Nagamori et al. 2) and Stofko et al.
3) studied the activity of each component for the Fe-S-O system at 1473 K. The liquidus saturated with iron was delineated over a wide range temperature by Hilty et al.
4)
However, there is no entire activity data for liquid phases at the temperature range.
In the present study, phase equilibrium and oxygen partial pressure for the Fe-S-O system from eutectic temperature to 1673 K were investigated. According to the Gibbs-Duhem equation and Schumann's method, the activity of each component was derived.
Experimental Procedure

Measurement of liquidus saturated with iron
Fifteen grams of Fe, Fe 2 O 3 and FeS mixture was loaded into an iron crucible. Reagent grade Fe, Fe 2 O 3 and S were used to prepare the specimens. In order to produce FeS, Fe and S were mixed stoichiometry and reacted at 823 K in advance. A vertical furnace consisting of a double-spiral SiC element was used to heat a mullite reaction tube. The temperature of hot zone in the furnace was controlled within AE3 K. At the start of the experiment, the crucible was suspended at the top of the reaction tube. A continuous flow of argon gas at 100 mL/min was used to exclude oxygen from the reaction tube. After flushing the reaction tube for 1800 sec., the crucible was slowly lowered into the reaction tube and placed on a support stage located in the hot zone. After holding 3600 s. at the set temperature, the oxygen partial pressure in the matte was indirectly measured with the following oxygen-concentration cell:
Pt/Ni; NiO/ZrO 2 -CaO/specimen/Re/Pt where, the connecting point of Re and Pt wire was set within the hot zone of the furnace. Specification of EMF method is reported in elsewhere.
5)
The oxygen partial pressure was calculated from the electro motive force of the cell and the standard free energy of formation of NiO(s) 6, 7) as follows,
where E and T (in degrees Kelvin) are voltage and the absolute temperature, respectively. P O 2 is oxygen partial pressure and is defined by
Then the crucible was withdrawn from the reaction tube and quenched in a water bath. Compositions of the specimen were determined by chemical analysis. Oxygen and sulfur contents were determined by reduction with hydrogen. Iron was determined by a titration methods and mass balance. The difference of iron concentration from both method was within 1.5 mass%.
Measurement of liquid phase
Thirty grams of Fe, Fe 2 O 3 and FeS mixture are loaded into an alumina crucible. Measurement of oxygen partial pressure was same to that for liquidus saturated with iron. Then a part of liquid phase of the sample was sucked from bottom of the crucible with a thin quartz tube and quenched in a water bath. For most of the liquidus samples, solid phase surfaced on specimens were observed visibly.
In order to determine saturated solid phases, the samples * Passed away were observed through an optical microscope. It was also confirmed that the liquid phase was not contaminated with oxide particle. Then the sample was taken the chemical analysis.
Results
Phase diagram for the Fe-S-O system
The list of experimental results is shown in Table 1 . For the sake of convenience, the results are given at this point for the Fe-S-O phase diagram as shown in Fig. 1 
Liquidus saturated with iron
The composition of specimen in the iron crucible from 1273 K up to 1673 K are shown in Fig. 2 . Lines indicate luquidus estimated from the experiment. In higher oxygen concentration area, the specimen was saturated with Fe and FeO. In order to distinguish the liquid saturated with Fe and FeO doubly from that saturated with Fe, the relationship between concentration of Fe in slag and oxygen partial puressure is illustrated as shown in Fig. 3 . Solid lines show liquidus saturated with Fe, and broken lines show liquid phase coexisted with FeO. Equation (3) shows oxidation reaction of Fe, Fig. 3 , the oxygen partial pressure is variable, however on the broken lines, the oxygen partial pressure of specimen is invariable for any Fe concentration. Therefore the liquidus saturated with Fe and FeO can be indicated at the point where solid line and broken line intersect. Miscibility gap is observed at 1673 K. The dashed line in Fig. 3 is tie line between two liquid phases saturated with iron. Several measurements for the miscibility gap conducted with alumina crucible. Oxygen partial pressure for two liquid sample changes little with changing composition of two liquid phases.
Liquidus saturated with iron oxide and iron sulfide
Primary saturated phases such as FeO, Fe 3 O 4 or FeS were observed by using an optical microscope. Grain grown during solidification shows a characteristic shape. FeO 
Phase diagram for the Fe-S-O system
Phase diagram and thermodynamic properties for Fe-O and Fe-S systems are reported. Present measurement and binary phase diagrams are taken into consideration, and the phase diagram for the Fe-S-O system is drawn. That is shown in Fig. 1 . There is a miscibility gap at 1673 K. The liquid phase equilibrates with FeS at 1273 K. Eutectic temperature was decided with measuring temperature of melting and solidificating of the 68.4%Fe-23.9%S-7.7%O specimen as at 1195 K. The composition of the specimen is near to the composition of eutectic point. Therefore, phase change between solid and liquid-solid is observed at the eutectic temperature.
The liquidus saturated with Fe agrees with Hilty's phase diagram. 4) The difference is within few pct on lquidus and 2 K for the eutectic temperature. Fig. 8 . [8] [9] [10] [11] [12] Point a is transition temperature between -Fe and -Fe. Point b indicates the eutectic point 1261 K. Partial pressure of S 2 for Fe-S melt saturated with Fe is between points a and b. That can be arranged as a line from 1261 K to 1638 K as log P S 2 ¼ 2:926 À 12;360=T: ð5Þ P S 2 for the Fe-S melt saturated with iron can be calculated from eq. (5). P S 2 on whole liquidus saturated with iron will be derived from the P S 2 value of Fe-S system with the application of the Gibbs-Duhem's equation. The Gibbs-Duhem's equation for Fe-S-O ternary system is
where X i and a i is mole fraction and activity of i. In present case, activity of sulfur and oxygen are defined as Henrian standard state based on gas partial pressure; a S and a O equal to P
, respectively. On the liquidus saturated with Fe, eq. (6) can be simplified as
The activity of sulfur on liquidus saturated with iron was estimated with integrating a S with respect to a O . Figure 9 shows relationship between P S 2 and P O 2 for the liquidus saturated with Fe. Where (W) indicates wustite saturation.
4.2 Partial pressure of S 2 and activity of Fe for whole liquid phase Applying Schumann's method, 13) partial pressure of sulfur and activity of Fe for the whole Fe-S-O liquid phase can be calculated from measured P O 2 . Activity of sulfur for any composition of Fe-S-O liquid is expressed as
where, X O and X S are mole fraction of oxygen and sulfur. a S and a O represent activity of sulfur and oxygen at starting point of integration. The integration of a O started from the liquidus saturated with Fe. The activity of sulfur at starting point of integration can be found in Fig. 9 .
On the other hand, the activity of Fe on Fe-S line can be estimated by using the regular solution model and liquidus composition of the Fe-S binary phase diagram. The liquidus temperature used for the derivation was within 1261-1573 K. According to the regular solution model, following equation can be drawn.
where
Fe is activity coefficient of Fe at T i K. The activity of Fe on the Fe-S system can be drawn. The integrations start from the activity of Fe on Fe-S binary system or the liquidus saturated with Fe. And thus, the activity of Fe for the whole 
Conclusions
Liquidus isotherms and oxygen partial pressure were determined for the Fe-S-O system from eutectic temperature to 1673 K. The partial pressure of O 2 for the liquid phase was measured by an EMF method. The partial pressure of oxygen increases remarkably with departing from the liquidus saturated with Fe.
The partial pressure of S 2 and the activity of Fe were derived by using the Gibbs-Duhem equation on the assumption of the regular solution.
Composition of Fe-S-O system for Fe 3 O 4 formation is shown. 
